Background Inflammatory bowel disease that begins prior to puberty frequently causes a delay in puberty resulting in losses of growth, bone mineralization, and selfesteem. A major cause of this pubertal delay is likely due in part to the effect of decreased levels of leptin on the function of the hypothalamic-pituitary-gonadal axis, though systemic inflammation is also thought to play a role. Methods To investigate further whether low leptin levels alone were responsible for delayed puberty in colitis, we induced colitis in 23-day-old female mice using 3% dextran sodium sulfate (DSS), resulting in 10 days of worsening colitis. These mice were compared to controls that were free-feeding and food-restricted (FR) mice that were given only enough food to keep them the same weight as the DSS group. All groups were followed for the timing of vaginal opening until 33 days old, when they were euthanized and their serum collected. Results DSS-treated mice exhibited later timing of vaginal opening relative to both of the other groups, as well as increased colonic inflammation by cytology and increased serum levels of interleukin (IL)-6 and tumor necrosis factor (TNF)-a. The difference in the timing of vaginal opening between the DSS and FR groups occurred despite equivalent serum levels of leptin between the groups and despite an increase in corticosterone in the FR group relative to both of the other groups. Conclusions We conclude that DSS colitis causes delay in puberty in sexually immature mice beyond what would be expected from decreases in weight and leptin levels.
Introduction
When its onset occurs prior to the onset of puberty, colitis seen as part of inflammatory bowel disease (IBD) frequently results in a delay in the timing of puberty [1, 2] . This is illustrated by one survey of adolescent girls with prepubertal onset of IBD revealing that 73% experienced menarche after their 16th birthday, compared to an average age of menarche in the general population of 12.5 years [3] . The delay in pubertal timing in IBD is important clinically because it can lead to a decrease in bone mineralization, loss of final height, and a loss of self-esteem among affected children [3] [4] [5] . The exact etiology of this pubertal delay in IBD has not yet been demonstrated.
One potential mechanism of this pubertal delay has been proposed to be a loss of body fat in IBD and resultant decrease in levels of leptin, a hormone that is released by adipocytes in proportion to the amount of stored fat [6] . Leptin is known to play a critical role in the regulation of the hypothalamic-pituitary-gonadal (HPG) axis, which is responsible for pubertal progression [7, 8] . Sufficient levels of leptin are necessary for the release of gonadotropinreleasing hormone (GnRH) from the hypothalamus, affecting the release of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the pituitary, in turn affecting the release of estradiol from the ovaries [9] [10] [11] [12] .
These effects were first noted in ob/ob mice, which are unable to produce leptin and are infertile due to their subsequent lack of normal GnRH release [13] [14] [15] [16] . However, the effect of leptin on HPG axis activity is also seen in other settings resulting in low leptin, such as abnormally low body weight [17, 18] , revealing that when serum levels of leptin are low, this can lead to a decrease in HPG axis function and a delay in puberty [19] [20] [21] .
Previous reports have shown that pubertal timing is delayed in rats that had colitis induced in prepubertal animals via intrarectal administration of 2,4,6-trinitrobenzenesulfonic acid (TNBS) [22] . These investigators also demonstrated that rats with colitis had a further delay in the timing of pubertal events when compared to a pair-fed group of rats that were given the same amount of food as the TNBS-treated group and that exhibited similar body weights. However, the previous researchers did not investigate whether differing levels of leptin between the colitis and pair-fed groups were responsible for the further delay in pubertal timing. Leptin levels among prepubertal animals with colitis have not previously been reported. Adult mice with colitis exhibit an initial increase in leptin levels at the onset of colitis before these levels drop related to weight loss [23] .
We set out to examine whether delayed puberty in colitis could be explained solely by decreases in leptin, with a hypothesis that additional factors such as systemic inflammation are also likely to contribute to the delay in puberty. We report here results from a novel mouse model of prepubertal colitis, produced via administration of 3% dextran sodium sulfate (DSS) [24] in the drinking water of female mice starting at 23 days of age. We followed these mice for the timing of vaginal opening [22, 25 ]-a welldescribed feature of pubertal progression-as well as for serum levels of leptin and inflammatory cytokines, and colonic inflammation. We then compared the mice with DSS colitis to a group of free-feeding control mice and to food-restricted (FR) mice that were given only enough food to maintain the same weight as that seen in the DSStreated group. We present evidence that mice with DSS colitis have a delay in puberty beyond FR mice despite equivalent levels of leptin, suggesting other factors such as inflammation are likely to play a significant role in delaying puberty in colitis.
Methods
These experiments were approved by the Animal Care and Use Committee at the University of Virginia. C57BL6 mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and were housed in standard wire-top cages and fed phytoestrogen-free chow. Two females and one male of childbearing age were housed together for breeding. Pups from litters of 6-10 mice were included in these experiments. Pups were weaned at 19 days of age by being removed from the mother and placed in a cage with moistened chow for 3 days before starting dry food exclusively.
Starting at day-of-life (DOL) 23, female mice were evenly divided based on starting weight into three groups: control, DSS colitis, and FR. DSS colitis mice had 3% DSS (mol wt 36 100-45 500; TdB Consultancy, Uppsala, Sweden) placed in the water supply from DOL 23-30 before DSS treatment was discontinued and animals were allowed to experience continued colitis from DOL 30-33. Control mice and FR mice received deionized water alone throughout the course of the experiment.
Both control and DSS mice were given phytoestrogenfree food ad libitum throughout the experiment. FR mice were given only enough food to maintain their weight at the same level as that in the DSS-treated group. This food administration for the FR group was done on an empirical basis each day for each mouse in the FR group, whose daily weight as a percent of baseline was compared to the DSS mean.
Vaginal opening was determined by daily inspection, using surgical loupes, and recorded as the day on which the vaginal orifice transitioned from tightly closed to patent [22, [25] [26] [27] [28] [29] .
Animals were euthanized on DOL 33 via injection of standard mouse cocktail followed by cardiac puncture. Serum was stored at -80°C until the time of testing. Separate groups of control, DSS, and FR mice treated as described above were used to measure intermediate serum levels of leptin and cytokines. Serum samples were drawn from these mice on DOL 27 and DOL 30 and the mice were euthanized on DOL 30.
At the time of euthanizing, colons were removed and fixed in Bouin's reagent prior to embedding in paraffin, sectioning, and staining. Slides from individual animals were read by a blinded pathologist (James Mize, MD, Anatomic and Clinical Pathology, Fairfax, VA) and scored for acute inflammatory index and chronic inflammatory index [30, 31] .
Serum measurements Serum cytokines were tested in the University of Virginia Digestive Health Research Center Core using a Beadlyte multiplex system (Upstate Cell Signaling Solutions, Temecula, CA, USA).
Serum hormone measurements were tested in the University of Virginia Center for Research in Reproduction. Estradiol measurement was performed using an Active Estradiol Coated Tube RIA (Beckman Coulter, Fullerton, CA, USA).
Luteinizing hormone (LH) was measured in serum by a modified supersensitive two-site sandwich immunoassay using monoclonal antibodies MAB1 (no. 581B7) against bovine LH (no. 5303: Medix, Kauniainen, Finland) against the human LH-beta subunit as described previously [32, 33] . The tracer antibody (no. 518B7 kindly provided by Dr. Janet Roser [34] , Department of Animal Science, University of California, Davis), was iodinated by the chloramine T method and purified on Sephadex G-50 columns. The capture antibody (no. 5303) was biotinylated and immobilized on avidin-coated polystyrene beads (7 mm; Nichols Institute, San Juan Capistrano, CA, USA). Mouse LH reference preparation, provided by Dr. A.F. Parlow and the National Hormone and Peptide program was used as standard.
Follicle-stimulating hormone (FSH) measurements were determined by RIA using reagents provided by Dr. A.F. Parlow and the National Hormone and Peptide Program and procedures validated previously [35] . Mouse FSH reference preparation was used for assay standards and mouse FSH antiserum (guinea pig) AFP-1760191 diluted to a final concentration of 1:400 000 was used as primary antibody. The secondary antibody was purchased from Equitech-Bio (Kerrville, TX, USA) and was diluted to a final concentration of 1:25.
Corticosterone measurement was performed using a Corticosterone Coat-a-Count kit (Siemens Healthcare Diagnostics, Los Angeles, CA, USA).
Serum leptin measurement was performed using an enzyme-linked immunosorbent assay (ELISA) (Chrystal Chem, Downers Grove, IL, USA).
Statistics
Statistics were calculated using Prizm (GraphPad software, LaJolla, CA, USA) spreadsheet software and SAS (Cary, NC, USA). Comparisons of mean values between the three groups were performed using analysis of variance (ANOVA) with Bonferroni post-test comparison of all groups. Kaplan-Meier curves of timing of vaginal opening were analyzed via log-rank test [36] .
Results
Weight gain, linear growth, and food intake Prepubertal female mice receiving 3% DSS from DOL 23 to 30 exhibited a decrease in weight relative to controls starting at DOL 31 and continuing until mice were euthanized at DOL 33 (p \ 0.01 for DOL 31 and p \ 0.001 for DOL 32-33) (Fig. 1a) . This decrease in weight relative to controls was matched in the FR group.
Linear growth was affected for the DSS group relative to the control (p \ 0.05) (Fig. 1b) . Linear growth for the FR group was intermediate between that in the control and DSS groups, with no significant difference between the FR group and either of the other groups.
Food intake during the 10-day experiment was similar among the DSS and FR groups, and both groups had a decreased food intake relative to the control group (p \ 0.05 for both groups) (Fig. 1c) .
Colon histology
The DSS group exhibited an increase in the active inflammatory index score and the chronic inflammatory index score relative to both other groups (p \ 0.001) (Fig. 2a-e) .
Cytokines
Starting by DOL 30, the DSS group had significant increases in the systemic inflammatory cytokines interleukin (IL)-6 (p \ 0.01 vs control and p \ 0.05 vs FR) (Fig. 3a) and tumor necrosis factor (TNF)-a (p \ 0.05 vs control and p \ 0.01 vs FR) (Fig. 3b) . Absolute serum values for DOL 33 were as follows: IL-6-control 105.2 pg/mL ± 7.5, n = 12; DSS 621.9 pg/mL ± 190.7, n = 12; FR 181.9 pg/mL ± 49.1, n = 13; TNF-a-control 52.5 pg/mL ± 14.9, n = 12; DSS 102.8 pg/mL ± 30.8, n = 12; FR 53.5 pg/mL ± 18.2, n = 13.
There were no significant differences in levels of IL-1b or IL-10. Absolute serum values were as follows: IL-1b-control 144.5 pg/mL ± 22.7, n = 12; DSS 113.8 pg/mL ± 26.8, n = 12; FR 191.8 pg/mL ± 49.3, n = 13; IL-10-control 112.0 pg/mL ± 28.5, n = 9, DSS 171.4 pg/mL ± 52.9, n = 11; FR 311.4 pg/mL ± 49.9, n = 11).
Vaginal opening
The DSS group exhibited a delay in vaginal opening relative to both the control group and the FR group, as analyzed both by Kaplan-Meier curve plotting of the percentage of animals without vaginal opening (Fig. 4b , p \ 0.001 relative to both groups) and by mean age of vaginal opening (Fig. 4a , p \ 0.05 relative to both groups).
Hormone levels
The prepubertal and peripubertal mice used in this protocol exhibited estradiol levels that were almost entirely at or below the limit of detection for the ultra-sensitive assay used, including in control animals. There were no significant differences in estradiol between the groups (Table 1) .
There were also no significant differences in levels of LH and FSH between the DSS group and either the control or FR groups (Table 1) . Leptin levels increased from baseline in all groups initially (p \ 0.05), but were not different from baseline starting at DOL 30 for both the DSS and FR groups (Fig. 5a) . By DOL 30, leptin levels were decreased in both the DSS and FR groups relative to controls. There were no differences in leptin levels between the DSS and FR groups at any time point. On DOL 33, corticosterone levels were increased in the FR group relative to either of the other groups (Fig. 5b, p \ 0.01 ). There were no significant differences in corticosterone levels between the DSS and control groups. [35, 36] . e Chronic inflammatory index scores [35, 36] . ***p \ 0.001
Discussion
We have developed a model of DSS colitis in sexually immature female mice that approximates the insidious onset of IBD in children with respect to a gradual onset of decreasing weight gain and increasing systemic inflammation. We have used this model to demonstrate delayed vaginal opening among mice with DSS colitis vs an FR group with similar body weight. Moreover, the DSS colitis group and FR groups had similar serum levels of leptin at three time points measured during the 10-day treatment course, indicating that the difference in timing of puberty between these groups was not due to the DSS mice having a lower level of leptin. To our knowledge these experiments are the first evaluation of leptin levels in peripubertal mice with colitis and demonstrate that in the later stages of colitis these animals do not exhibit differences in leptin levels beyond what would be expected from restricted body weight alone.
These findings are significant because of the welldocumented effects that low leptin can have on the function of the HPG axis and the timing of puberty. These effects are seen among ob/ob mice that are infertile because of their absence of leptin [13, 14] . Clinically the importance of leptin for puberty is seen among young women with low body mass due to intense exercise or anorexia nervosa [17, 18] . These young women have low levels of leptin and exhibit delayed puberty similar to that seen among children with IBD [20, 21] . Studies have demonstrated that among postpubertal women with anorexia, increases in leptin levels following weight gain appear necessary prior to the resumption of menses [17, 37] , and treatment with exogenous leptin in the absence of weight gain can induce normal menses [38] . Prepubertal girls with IBD also exhibit low levels of leptin similar to weight-matched controls [39] , and while no studies have been performed linking low leptin levels to delayed puberty in colitis, leptin is felt to be a major contributor to pubertal delay in IBD [40] . It was certainly conceivable that leptin levels in advanced colitis could be lower than those in weightmatched controls. Though leptin production is initially stimulated by inflammation in both humans [41] and rodent models of colitis [23] , these levels decrease with time. We have demonstrated that the decrease in leptin with continued colitis does not drop leptin levels below those of weight-matched controls as a cause of the further delay in puberty seen during colitis. Also, while the DSS colitis group exhibited a modest trend toward increased leptin levels during the early stages of colitis (p = 0.1 vs controls), this increase in leptin clearly did not induce an earlier timing of puberty, further demonstrating a restraint on puberty by other factors.
Other potential contributors to delayed puberty in the setting of colitis include decreased food intake, increased stress response, and systemic inflammation, which will be considered individually below. Regarding the effect of food intake, we empirically restricted food intake among the FR group without specifically aiming to give the same amount of food to the FR group as was consumed by the DSS group. Nevertheless, the DSS and FR groups were found to have similar food intake, indicating that the majority of the cause of poor weight gain for the DSS group was due to a decrease in food intake. This finding parallels that seen in the prior experiment of TNBS colitis among prepubertal rats, in which the investigators pair-fed their weight-restricted group [22] . In these experiments, then, the two groups of animals ate exactly the same amount of food and were also found to be of nearly identical weights. Taken together, these experiments suggest that the major cause of weight loss in colitis is a decrease in food intake and not poor food absorption or increased basal metabolic rate. Given that the DSS and FR groups did not exhibit a difference in food intake, altered nutrition does not account for the difference in timing of their pubertal onset.
Another potential cause of delayed puberty in colitis is the stress involved in chronic illness. To assess for whether stimulation of the hypothalamic-pituitary-adrenal (HPA) axis was the main explanation of pubertal delay in our mice, we measured levels of corticosterone, the major adrenal corticosteroid in mice. While corticosterone levels have been shown to be initially elevated in colitis, they moderate over time [42] , potentially due to the long-term nature of stress in the setting of colitis. This phenomenon has been described in patients in the intensive care unit in whom the HPA axis is paradoxically downregulated after prolonged stress [43] . Additionally, other investigators have reported corticosterone levels that were similar between mice with DSS colitis and controls [44] . Consistent with these findings, we observed similar levels of corticosterone between mice with DSS colitis and controls. By contrast, the FR animals exhibited a pronounced increase in levels of corticosterone, consistent with prior studies of stress among starved animals [42] . Taken together, we conclude that activation of the HPA axis resulting in corticosterone stimulation does not appear to be a major influence on the timing of puberty in this setting, since both unstressed controls and stressed FR animals exhibited an advanced pubertal timing relative to DSS animals.
Finally, another factor potentially related to the delay in puberty is related to the systemic inflammation observed during colitis. Mice with DSS colitis exhibited increases in both serum IL-6 and TNF-a relative to both other groups, starting by day 7 of colitis treatment. This raises a potential cause of pubertal delay, given that peripheral inflammation has been shown to have a negative effect on HPG axis activation in other settings [45] . Nevertheless, other factors may also predominate and further experiments are necessary.
Whatever the cause of this pubertal delay among the DSS mice relative to controls or FR mice, the effect appears to have been at the level of the hypothalamus and/or pituitary and not at the level of the ovary. This is seen in that mice with DSS colitis had a delay of vaginal opening, which has been validated as a characteristic driven by minor changes in estrogen during development [22, [26] [27] [28] [29] . We were unable to demonstrate these changes in estradiol production via serum levels because of the low levels of estradiol needed to produce vaginal opening. In our experiments even the control mice had levels of estradiol near the limit of detection in the assay, reflecting the early nature of this testing in the course of their pubertal progression. However, in previous investigations using TNBS colitis in rats, investigators found lower levels of estradiol among the rats with colitis vs controls, in addition to a delay in vaginal opening [22] . Estrogen production is driven by the pituitary gonadotropins LH and FSH, and in the absence of normal ovarian function, LH and FSH levels increase due to a lack of feedback inhibition. However, in the absence of elevated LH and FSH, low levels of estrogen are due to a decrease in activation of gonadotropins [46] . This is the process that both we and the prior investigators noted, since LH and FSH in the DSS-treated mice were similar to the levels in the control group even in the face of apparently low estradiol levels. Should estrogen production at the level of the ovary have been the main site of the inflammatory effect, we would have expected LH and FSH to have been elevated in the DSS-treated mice as a result of negative feedback, as has been seen in similarly aged mice following oophorectomy [47] . The lack of such elevation thus suggests the effect was upstream of estrogen production, at the level of GnRH or LH/FSH regulation.
The implication of this study clinically is that therapy aimed to treat the underlying IBD may result in improvements in the timing of puberty and related endpoints beyond what would be expected from weight gain alone. Many such treatments for IBD, such as infliximab and adalimumab, target bowel and systemic inflammation. Further experiments will be needed to test for potential connections between colitis-related inflammation and HPG axis function.
